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Abstract

An experimental Fraunhofer Line Discrimiﬁator (FID) can differenti-
ate and measure solar-stimilated luminescence when viewed against a
background of reflected light. Key elements are two extremely sensitive
photomultipliers, two glass-spaced Fabry-Perot filters:having a bandwidth

s .

less than 1 X, and an analogue computer. As in conventional fluorometers,
concentration of a fluorescent substance is measured by comparison with
standards. Quantitative use is probably accurate only gt low altitudes
but ’‘~tection of luminescent substances should be possible from any
altitude. Applications of the present FLD include remote sensing of
fluorescent dyes used in studies of current dynamics. The basic tech-

niuve is applicable to detection of oil spills, monitoring of pollutants,

and sensing over land areas.
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- THE USE OF SOLAR-STIMULATED LUMINESCENCE IN REMOTE SENSING

Nature of luminescence or fluorescence

Numerous substances fluoresce, that is, emit light when they are
relatively cool and within 10-8 seconds after being excited by radiation.
In a small percentage dféiuofescent substances some of the irradiating energy
is stored and the emission delayed longer than 10-8 seconds; this is,germ-

ed phosphorescence. A general term that covers both types of emission is

luminescence. In this report the terms luminescence and fluorescence will

be used interchangeably,

Luminescence is an electronic process wherein a quantum of radiation
is absorbed by an isolated atom or center wiich becomes excited internally,
without moving and becoming agitated as a wlole, sinée the latter would dis-
sipate the energy as heat. The atom may return to a more stable, unexcited
state by direct emission of a ﬁhoton of light, Most commonly the return to
the unexcited or ground state is in two steps; the first being a return to
the lowest vibrational.level of the excited state by a nonradiative process
(Turner, 1964), and the final step being accompanied by emission of a photon,
producing fluorescence or luminescence.

It is a characteristic of fluorescent substances that they emit at
longer wavelengths than the absorbed radiation that excites the fluorescence;

due to the fact that a portion of the energy is dissipated in nonradiative

processes.
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This results in the emitted light having less energy and consequently a
longer wavelength (i. e., toward the red) than the absorbed light, in accord
with Stokes Law. The phenomenon is well known by the fluorescence of a
number of minerals in the visible part of the spectrum when exposed to ultra-

violet "black" lights, and by the use of fluorescent dyes and fluorescent

brighteners in fabrics, paints, packages, and detergents. : e

Crystals are among.the most efficient substances in converting inci-
dent radiation into luminescence emission because their atomic structures
are characterized by a high degree of stability and '"permit relatively
efficient ingress and internal transport of input energy, and emission of
photons" (Encyclopedia Britannica, 1968). The spectral distribution, or
color, of the emitted light is commonly a fairly constant characteristic
of a specific fluorescent mineral. Fluorescence is affected by impurities,
age and source of the material, particle size, water content, and in the
case of fluids, by the solvent and the concénﬁra£ion of the soluteA(De Ment,
1964). |

The fluorescence of artificial or purified comﬁounds is more constant
and in fact makes possible a quantitative analytical tool that is unusually
sensitive. Some fluorescent dyes can be measured to a sensitivity of 1
part in 100 billion., Ultraviolet light is generally most effective in ex-
citing luminescence in laboratory studies, although the most effective is
generally short wavelength ultraviolet light (e.g., the mercury emission

o}

at 2537 A), the type that is filtered out of the sun's radiation by ozone

in the atmosphere. However, laong wavelength ultraviolet light, which reaches

-the earth's surface in solar radiation, is
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highly effective in exciting luminescence in many materials in the
visiﬁle part of the spectrum.

A knowledge of the absorption, excitation, and luminescence
emission spectrs of substances is of prime importance in differen-
tiating them by their luminescence since pure substances generally
have specific spectra. The excitation spectrum is thejvariation in'”;>
intensity of emitted light with the wave length of absorbed light;/
the emission spectrum is fhe variation in intensity of emitted light
with the wave length of emitted light (Wilson, J. G., Jr., 1967,
written commun.). The absorption spectrum is equivalent in shape to
the excitation spectrum, unless variations result from filters or
other instrumental differences. The comparison of the three curves for
Rhodamine WT dye in a water solution is shown by Figure 1.

The curves in Figure 1 show the intensity of emitted light vs.
wavelength of absorbed light, and intensity of emitted light vs. wave=~
. length of emitted light. There is also a need to know the variation
of wavelength of emitted light vs. wavelength of absorbed light. It
would be useful to know what specific wavelengths of absorbed light
are effective in exciting luminescence at another sﬁecific wavelength,

and how these wavelengths vary with availability of a given wavelength.

As the most effective wavelengths of incident light are absorbed at
increasing depths in a flourescent liquid, it would be useful to know
the degree to which other wavelengths take thelr place in performing the

same function.
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Sensing of solar-stimulated luminescence

A large number of natural substances fluoresce when exposed to ultra-
violet or visible sunlight, but the fluorescence is unnoticed because of
the background reflection. Recent advances in fabrication of optical filters
have made it possible to selectively sense the fluorescence by viewing a
fluorescing substance in the narrow band of a solar Fraunhofer line. This
is the technique employed by the Fraunhofer Line Discriminator (FLD), The
low intensity of sunlight within the Fraunhofer line permits the fluorescence
to be seen, providing the line is within the spectral range of the emitted
light from the substance. Since it is a characteristic of many natural
materials that they emit over a broad baﬁd of the spectrum, and absorb
radiation over a correspondingly broad band, the emission from a con-
sidérable number of fluorescent substances can be sensed within a single
Fraunhbfer line. 1In effect, when a fluorescent substance is viewed in the
sunlught the emission constitutes a broad, relatively flat spectrum that is
superimposed on the sharply notched solar spectrum of the reflected sunlight,
thereby reducing the intensity ratio between the continuum and the center
of the Fraunhofer lines. This technique, termed the Fraunhofer line-depth
method, is more fully described below. It is the only known technique that
permits quantitative remote sensing of solar-stimulated luminescence when
viewed against a background of reflected sunlight.

The basic principle appears to have been exploited first by several
astronomers who used a spectrometer to examine the Fraunhofer. line profiles
of light reflected from various parts of the lunar surface. Noteworthy
results have been described by Kozyrev (1956), Dubois (1959), Shefov (1959),

Grainger and
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Ring (1962), Spinrad (1964), Noxon and Goody (1965), Myronova (1965),
and McCord (1967). This work has been summarized briefly by Hemphill
(1968a). It seems probable that Russian astfonomers and space scien=-
tists are continuing to pursue the sensing of solar-stimulated lumines-
-cence. On their "Zone' 3" lunar probe they observed a pronounced peak

in the ultraviolet (near 2400 X) which they speculate is due to sglar;
stimilated luminescence of the lunar surface (Hemphill, 1968, written
commun. ).

Among the means of sensing luminescence in daylight, the unaided
human eye itself is capable of discriminating the luminescence of
numerous materials such as fluorescent dyes, particularly those that
emit in the green-yellow region where the eye achieves maximum sensi-
tivity. This is true of the greenish yellow fluorescence of fluorescein
(Turner Associates, 1968). In the case of rhodamine dye, the dye it-
self appears red due to the color of reflected iight after absorption
of the blue-green. The'yellow fluorescence imparts a slight red-orange
color to a patch of rhodamine dye seen in water.

Early methods of quantitative determination of fluorescent dye
described by Dole (1906) were based on laboratory colorimetric com-
parison and apparently were based on the combined color of reflected and
emitted light. This method permitted detection of dye in concentra-
tions claimed to be as small as 0.1 part billion. However the human
eye is not well adapted for sensing relative intensities of -1light.
~ Rapid progress in development of quantitative sensing of light inten-~
_ sity really began in the 1940's with development of improved photo-

multiplier tubes.
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Among the key opfical elements that have made the Fraunhofer Line
Discriminator practicable are the two extremely sensitive photo-
multipliers and the two Fabry-Perot filters.

The most significant advance applicable to sensing by the
Fraunhofer line-depth ﬁethod has teen improvements in fabrication of
narrow-band filters. The high spectral resolution required in the
experimental FLD was achieved with glass-spaced Fabry-Perot filters,
which are difficult to manufacture, but which are relatively immune
to spectral changes induced by vibration or other causes (Markle, 1968,
written commun.). Sixty per cent peak transmission and a half width
of less than 1 Angstrom was achieved in these filters, far narrower
than the bandpas; of the narrowest multilayer dielectric filter.

A device for remote sensing of solar-stimulated luminescence is
really an airborne fluorometer for daylight use,.and inevitably will
have many of the same advantages and disadvantages as a laboratory
fluorometer. A disadvantage common to both is the need for frequent
calibration by means of standard samples in order to permit quanti-

tative measurement of concentration of a fluorescent substance.



Work on solar-stimulated luminescence specnsored by NASA and USGS

Studies of solar-stimulated luminescence, both in the visible and in the
ultraviolet, have been carried out under the formal heading: Ultraviolet

absorption and luminescence studies, a project set up in November 1965 and

jointly sponsored by the Geological Survey and the National Aeronautics and
Space Administration (NASA). Work accomplished prior to January 1968 has been
summarized in a previous progress report by Hemphill (1968 b). The ultimate
object of all work has been to conduct research leading toward future remote
sensing in the ultraviolet from aircraft and spacecraft. As various avenues
have been explored the most promising area appears to be the sensing of lumin-
escence stimulated in whole or in part by ultraviolet light and consequently
the project has been broadened to include this.area and recent work has been
concentrated increasingly on this subject. Work accomplished prior to 1968
in the field of solar-stimulated luminescence will be summarized briefly.
Outdoor experiments by Betz (written commun,, 196&) using a high
resolution grating spectrometer indicated that remote sensing of terrestrial
materials by the Fraunhofer line-depth technique would probably be feasible.
Work by Watts and Goldman (1967 and 1968) included further analysis of
luminescence aimed at determining whether there are significant differences
in the spectral reflectance and emission properties of selective rocks and

rock forming minerals,
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Experimental work by Hemphill and Carnahan (written commun, , 1965)
indicated that artificially stimulated luminescence of some natural materials
can be imaged at night from'a distance of several hundred feet.

Construction of an experimental Fraunhofer Line Discriminator instrumént
began in 1967, the purpose being to establish feasibility of remote sensing
of solar-stimulated luminescence by the Fraunhofer line-depth method, and to
determine what modifications are needed for a future more sophisticated
instrument, Experiments with this instrument have the additional objects of
investigating the possibility of using airborne remote sensors as an aid in.

dye dispersion studies, and as an aid in possible future development of imaging

sensors or active sensors for either day or night use in sensing luminescence.
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Summary of progress since January 1, 1968

Progress is summarized in approximate chronological order:
1) Fabrication of the electrical conscle of the FLD was completed

by Perkin-Elmer Corp. in January.

7 T

2) The FLD was successfully tested outdoors in Norwalk, Conn., in
March, and formally accepted.
3) The final report on the FLD was delivered in April; the instrument
was transported to the Water Resources Laboratory in Phoenix.
4) The FLD was tested over a tank of rhodamine dye solution in Phoenix
during May, June, and July.
5) Electronic adjustments of the FLD succeeded in increasing sensitivity;
calibration and maintenance procedures for the instrument were refined during July.
6) A shock-resistant bracket for mounting the FLD on an H-19 helicopter
was fabricated by the Water Resources lLaboratory in September.
7) Testing over a tank of rhodamine dye solution was continued during
October; replacement of an amplifier improved consistency of the record.
8) Tank tests in Phoenix were completed in November;and a brief airborne
test established compatibility with the helicopter power supply and non-interference
of the helicopter blades; the instrument was transported to the Office of Marine

Geology in Menlo Park.
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9) Procedures intended to permit quantitative determination of fluorescent
dye concentration in water solutions by means of the FLD were established in
December 1968 and January - February, 1969,

10) Excitation, emission, and absorption spectra of known concentrations of
Rhodamine WI dye were deternmined by G. K. Turner Inc., in Ma;ch, permitting calcula-
tion of attenuation coefficients needed for quantitative interpretation/of‘FLD )

records,

THEORY AND GENERAL APPLICATION OF THE FRAUNHOFER LINE-DEPTH METHOD FOR SENSING
’ LUMINESCENCE

This section is a descripticnof the Fraunhofer line-depth method of sensiag
and the general operation of the FLD. The special application of the method,
and of the instrument, to the marine envircnment will be included in Part B of the
series of reports,

The nature of soclar Fraunhofer lines

Absorption lines in the .sun's spectrum were idgntified by Fraunhofer in 1815,
and subsequent detailed studies (Minnaert and others, 1940; Mohler and others,
1950) have found that they number more than 26,000, They are most prominent in
the visible, near ultraviolet, and near infrared parts of the spectrum, occurring
chiefly between 1850 Z and 17,000 Z (1.7 microns). The lines result from absorp-

tion of solar radiation in the upper part of the photosphere, which is much cooler

than the
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underlying source of the background continuum.

Profiles of intensity vs. wavelength across the lines are commonly V-shaped,
the intensity of radiation at the centers of the most prominent lines commonly rang-
ing from 57 to 207 of the intensity of the background continuum. As a result of
the V-shaped profiles the centr;l intensity measurable through a filter would be
dependent on the band-pass of the filter, the precision with which the filfer is
centered on the lowest trough of the line profile, and the steepness of the profile.

Filters having a band-pass as narrow as 1 Xngstrom unit should theroretically
be capable of measuring intensities of 507 or less in approximately 75 Fraunhofer
lines in the part of the spectrum lying between 1300 Z and 17,000 Z. Profiles
across two of the most prominent lines, the Calcium H and K lines, are shown on
Figure 2 in comparison with the Sodium D, line that is used in the present model
of the FLD. Because of its relatively narrow width, use of the sodium line can
be viewed as a "worst-case" test of the Fraunhofer line-depth method. Therefore
positive results achieved with the sodium line are quite encourageing, suggesting
that signal-to-noise ratios.could be greatly improved by use of broéd lines such
as the Calcium lineé (Figure 2). The characteristics of seven of the most pro-
minent lines are summarized on Table 1,

General principle of the Fraunhofer line-depth method of remote sensing

In general terms, the reasoning behind the Fraunhofer line-depth method is
summarized below.

The relative intensity of radiation measured near the center‘of a solar
Fraunhofer line, in relation to the intensity of radiation of the solar continuum,
is a useful property of solar radiation, constituting what may be termed the solar
line-depth ratio for the particular Fraunhofer line. ‘Absorption of incident solar

radiation by natural materials at normal earth-
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surface temperatures is generally a broad-band phenomenon, characterized by little
variation in percentage over bandwidths of 10 Xngstrom units or less. This is
illustrated by the absorption spectrum of Rhodamine WI dye (Figure 1), which is
actually more peaked than the absorption of most substances,

Consequently; within aAy narrow band of the spectrum (up to 10 ansterS wide)
a given substance will tend to absorb a certain percentage of sunlight, the per-
centage being nearly the same in the trough of a Fraunhofer line as it is on the
adjoininé shoulders. As a result, the remaining sunlight that is reflected or
scattered from & non-lumingscing surface will generally display a line-depth ratio
identical to that of the incident sunlight, no metter how small the percentage of
reflected or scattered light may be,

If the surface emits luminescence, however, this also tends to be a broad-
band phencmenon at normal earth-surface temperatur=s, This is illustrated by the
emission spectrum of Rhodamine WI' dye (Figure 1), which also is more steeply
peaked than the emission of most luminescent substances., When the smoothly slop-
ing spectrum of th2 emitted light is superimposed on the sharply notched spectrum
of the reflected and scattered light from a substance, the resultant line-depth
ratios will vary from those of the incident light. Consequently any discrepancy
between the line-depth ratio of the solar radiation incident on a surface and that
of the radiation received from the surface is significant and can be used as and

index of the luminescence emitted from the surface.
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Both absorption and emission are useful for purposes of identifying funda-
mental properties of "target" substances by remote sensors. Absorption in varying
degrees is common to all substances, and consequently most variations are generally
related to superficial properties (e. g., color) that are difficult to differentiate
from variations resulting from more basic properties; this phenomenon is already
widely used in remote sensors utilizing aerial photography. A

By contrast, luminescence emission may be restricted to relatively few
substances in the earth-surface environment. The luminescence emission of a
substance can best be differentiated from reflected or scattered light by utilizing
a remote sensor equipped with two narrow-band fil:ers, one of which is centered
on a solar Fraunhofer line and the other on a poiﬂt of the solar continuum a few
o
Angstroms away, a distance over which the variation in emission intensity is not
significant; such an instrument has been termed a Fraunhofer Line Discriminator
(FLD). Much remains tc be learned concerning the frequency and distribution of

luminescent substances and experiments with the FLD should contribute to this

knowledge.

Components mgasured by the Fraunhofer Line Discriminator (FLD)

The line-depth method for determining relative luminosities of substances re-
quires the measurement of four components of light, as illustrated on Figure 3
(Comppnents A, B, C, and D). This is accomplished in the FLD by means of two
Fabry-Perot filters centered at 5890 X and 5892 X, each covefing an average half-

o
width of less than 1 Angstrom, represented diagramatically
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by the dashed lines on Figure 3.

The design of the instrument is such that light from the sun and sky
enters an upward-looking telescope for comparison with light from the ground
or water ''target', which enters a dowhward-looking telescope. Light from
both sources alternately pass'es through the two filters and its intensity is
‘measured by photomultipliers. The four measured corﬁponents are: 1) the back-
ground intensity of sunlight and skylight (designated ""A''); 2) the intensity of
sunlight and skylight within the Fraﬁnhofer line (designated "B'); and 3) the
corresponding intensities in light from the ground or water target (designated
"C" and "D'"). The hypothetical profiles are intended to show that light from
the target will be a subdued version of the solar profile. If the target were
non-luminescent in the yellow part of the spectrum, the height (i. e., intensity
of light) of shoulders and trough of the Fraunhofer line at 5890 K would be pro-
portiohaﬂl to their height in the sunlight and skylight. If the target includes a
substance that fluoresces in the yellow, however, the luminescence contribution
(represented by horizontal dashed line in the diagram) will be supefimposed on
the subdued profile, elevating the overall intensity without modifying the detailed
notched configuration of the reflected solar spectrum. As explained in the
foregoing section, the luminescence contribution can be represented by a horizontal
line because luminescence emission spectra characteristically cover a broad
band of several hundred Xngstrom unitls, the intensity being practically a horizontal
line as seen in any very narrow region covering only é few Kngstrom units, such

as Figure 3.
an analog

By means of 4 computer in the instrument a simple mathematical calculation
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is carried out as rapidly as 20 times & second to convert the four
measured light intensities (A, B, C, and D) into a signal that is
proportional td the intrinsic luminosity of the target. The para-
meter calculated is designated rho (P), or lu@inescence coefficient.
Rho is a measure of the intrinsic or potential luminescence of the
target, arrived at by eliminating the effect of solar intensity on
the luminescence level, and by eliminating the effect of:variations
in reflectivity of the target. In terms of the four light intensities

(DN _(D~-C
measured by the instrument,.rho is defined as:{ A / - - BJ. The

derivation of' the expressibn for rho can be arrived at mathematically,

as explained below.

Derivation of luminescence coefficient (rho)

In deriving an expression for luminescence coefficient of a target
it is appropriate to express the intensity of light received from the
illuminated target as a percéntage of the light receivéd from the sun
and sky, provided this is fhe sole source of illumination of the target.
This provision is necessary because the target may well be illuminated
in part by reflections from other sources (e.g., by reflected lumines-
cence). In this discussion it is convenient to use the term "incident
Iight" to refer to light reaching the upward-looking telescope of the
FID from the direction of the sun and sky; similarly, light from the
target will be understood to mean light reaching the downward-looking
telescope of the FLD from the direction of the target. This provision
is necéssary because these components may include a small percentage
of back-scattered light from atmospheric particles, or luminescence from
atmospheric constituents. This qualification would become more impor-

tant in application of the line-depth method to sensing from orbital

altitudes, from high-altitude aircraft, or to
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active sensi.ng of laser-stimulated'luminescence.

By reference to Figure 3 it can be seen that the intensity of light from
the target (D) in proportion to the intensity of incident light (A) will equal%) .
It can be seen that this ratio represents the total proportion of incident light
returned from the target, not only as luminescence emission but also as re-
flectance and back-scatter.

It was stated previously that the line profile in the light from the target
is a subdued version of the line profile in the incident light, and that the
luminescence contribution is a smooth curve superimposed on this notched
profile. Therefore :he relief of the notches is completely independent of
the luminescence contribution, being proportional solely to the intensity of
reflected plus back-scattered light. The relative reliefs or line-depths of
the upper and lower profiles are equal to (A - B) and (D - C) respectively.

It follows that the intensity of reflected and baﬁk—sca’ctered light from the tar-
get (proportional to D - C) in relation to the intensity of incident light (propor-

D - c)
tional to A - B) will equal \A - B/ . It can be seen that this ratio represents

the proportion of incident light returned from the target as reflectance and
back-scatter, and excluding luminescence emissio.n.

The desired quantity is the proportion of incident light returned from
the target as luminescence emission, excluding reflectance and back scatter,
a quantity which will serve as an index of intrinsic luminosity, or luminescence
coefficient of the target (i.e., rho). It is evident that this quantity will equal

the difference between the two foregoing ratios:

F = <2>_ ?____._C'_
~ A"B - (1)
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Thus, the proportion of incident 1ight.returned from the target as
luminescence (P) is equal to the total proportlon of incident light
returned from the target ( ‘>1munm the proportion returned as re-

D ~-C
flectance and backscatter { A - B:> o

Mathematical derivation of luminescence coefficient

Alternative mathematical derivations have been used in most
previous literature on the line-depth method and have both advantages
and disadvantages. They introduce and subsequently discard a symbol
for reflectivity which is not necessarily relevant to the use of the
line-depth method, and tends to obscure the basic gimplicity of rho,
which can be directly related to the measured parameters (A, B, C,
and D) withoul intermediate formulation, as shown above. However,
it may be more easily visualized as described by D.A. Markle and
F.C. Gabriel (1967, written commun.):

"Let us assume that it is possible to make four fundamentally
different measurements. Two of these are obtained by looking at
the solar flux . . . in two adjacent spectral regions (a) and (b),
the latter of which corresponds to a Fraunhofer line. Let the result-
ing signals be A and B respectively. The remaining two signals,

C and D, are obtained by looking down in the same two spectral regions.
Provided that A is related to the normal component of the incident

solar flux, then the returning component D correspondlng to the same
filter can be expressed as:

D"_ TA + PA (2)

where

¥

a

"Since the amount of fluorescent radiation reaching the second
channel is almost identical to the amount reaching the first, if the
two spectral regions are closely spaced, the signal correspondlng
to the Fraunhofer line fllter

reflectivity of the ground
luminescence coefficient of the ground (or water)
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is given by:
C=JXYB + PA (3)

"Subtracting (3) from (2)

Y(A-B) =D - C ‘ (4)
¥= D-cC (5) ‘
A - B
"Substituting (5) into (2) .
= (D - C ' (6)
D (r_g_ )A+ oA |

i}

p D\ . (D - C) (1)
(A) A-B
‘This is the same formula derived previously, equation (1). It is equivalent

to:
"

. DB | 7
£ A—B( A)

By substituting equation (5) into (2), the reflectivity of the ground ()

was eliminated. As defined in equations (1) or (7) the luminescence coefficient
(@) is independent of such variables as intensity of sunlight, angle of the sun's
rays, and reflectivity of tﬁe target material, These equations simply represent
the basic concept»of the line-depth method cf sensing. 1In actual application,
however, it is insufficient to define a luminescence coefficient in terms of

the light intensities A, B, C, and D, 1Its dependence on instrumental factors

is shown below, by equation (8). Environmental factors will need to be con-
sidered when the methoed is applied to sensing of terrestrialiland targets at

some future time.
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Oﬁeration of the Fraunhofer Line Discriminator (FLD)

Basically, the FLD is an airborne remote sensor designed solely to determine
the intrinsic luminosity (i. e., luminescence coefficient or rho) of terrestrial
materials. Key components are two Fabry-Perot filters. One filter is thermostati-
cally tuned to the selected Fra;nhofer line, and the other filter to a convenient
point on the solar spectrum adjacent to the line, Low-noise photomultipliérs are
located behind each filter, and a system of lenses, beamsplitters and choppers
permits the instrument to look alternately down at the ground through one telescope
and up at the sky through another, the light from each passing through both filters.
In tﬁis way the instrument monitors the relative depths of the selected Fraunhofer
line in each look at the sky and the ground. An analog computer determines the
ratio of these line-depths in each look and by a programmed computation compares
the total proportion of sunlight returned from the target with that proportion
returned as reflected and back-scattered light. Any difference that may be
present is interpreted as luminescence, and this is converted in real time into
a signal that is proportionél to the intrinsic luminosity of the target material.
Several componénts are described below, but the instrument is best described
in comprehensive reports by H. Ludwig, D, Markle, G. Schlesinger, and F., Gabriel
(1967 and 1968, written commun . ) ~» from which most of the following is abstracted.

Light collector.-- Of three alternative light collectors the most satisfactory,

termed the sun target, consists of a 10-inch horizontal diffuser plate covered with

a white diffusely reflecting paint. Light from the sun and sky, having
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access to the horizontal plate, is diffusely reflected upward. Part of this
light is collected by a downward-oriented convex mirror that is supported on
rods at a height approximately 8 inches above the diffuser plate. The mirror
reflects the light downward through a circular hole in.the diffuser plate into
the ﬁpper portal of the instrument via a hollow vertical tube of acrylic resin
that can bg cut to any convenient length, permitting the sun target to be
mounted in the ceiling of an aircraft, if desired. The amount of light de-
livered to the portal by way of the sun target is a function of the angle of
incidence, and consequently varies with solar vertical angle and with the
vertical angle of the instrument. Consequently, it could be advantageous to
mount a large translucent plastic sphere over fhe sun target in order to
present a nearly constant cross-sectional area to the incident sunlight at all
angles of sun and plane (Figure 4). This and other alternative light collectors
require further experimentation,

Filters,--The instrument contains two glass-spaced Fabry-Perot filters. These
consist of two highly reflective dielectric films separated by a sheet of glass
about 80 micrometers thick, and polished so that both surfaces are mutually
paréllel and flat to within 0.0l wavelength. The narrow half-width, which is
less than 1 &ngstrom, and the extremely high peak transmission (more than 50
percent), represent an advance in the art of filter fabrication. The filters

are described in more detail by Hemphili (1968 a).



FiguLe

4. Sketch or light colle

ctor designed to be nearly independent of sun

angle dnd airplane angle (dlSO showing stamdard target design)

Translucent plactlc
.sphere to elimin-~

: T ate dependence on

el - sun or la e ang}

) (tentatrve esigl

Solar radiation on light
-] collector

,_,.n. e b v e

O

Sy R T

RN \4 L

l-k

H

e A — Convex mirror ~ -
VA -jqfr”—-————" Supportmg rods

\\‘\\\\‘L \ . ,g- PSR ‘f":"" o mee
KR t‘Lig_ht‘ collector (scatterer
WI—Io_le in-disc of collector

y

[ SV

ot

.K;W.'
'

4.‘1'
LN
I

.

RN

1 -

12 mch 1uc1te cylmder
T lmed w1th black paper

et -

3

""'—-——-*Upper portal of F L D

.-,l,_.J,A.'.A
+-

1* raunhofer Line- E
.. Discriminator
- "L‘f';_"(detail omitted)

[ S S B -

Hinge or siide to move -

standard target into
..field of view and

_out of field of view

S N

Lowerv"bportal ovav L., D
:--——-——-——24 -inch luc1te cylmd@r

i
!

Solar radlatlon on

Small hole with plug, to
‘| _.permit changing of dye
- <= 1"+ concentration and
‘- }J.--measurement of
1 - liquid temperature

Lucite container filled
~with rhodamine dye
< (dilute solution)

— Base of lucite (opaque)
—Solar radiation on water
oo target beneath F. L, D,

'Field of view of F. L, D,
SRR (1° outward angl e)
\H’"_——' Water column sensed by

- F.L.D. (approx. 12 in,

dlam af 60 feo‘c)



Figure 5. A luminescent source as viewed

through a glass-spaced Fabry-Perot

filter

(Courtesy of the Perkin-Elmer Corporation)

CaEtlon' The unlformJty and circularity of the
rings indicate the uniformity and
double etalon nature of the filter.
The filter producing this pgotograph
is centered et the 6102.733A Ca 1
Fraunhofer line. (J.D, Callahan, Jr.,
written communication, Feb. 4, 1969)
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Figure 6. View of control panel on the A

electronic console of the

Fraunhofer Line Discriminator

(Courtesy of the Perkin-Elmer Corporation)

Caption: B/A ratio and luminescence coefficient ()
are monitored from plugs at lower left,
Components A, B, C, or D may be separately
monitored from pione jacks at lower right,
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A view of a luminescent source through a glass-spaced Fabry-Perot filter is
shown on Figure 5.

Electronic console.--Included in a separate housing (Figure 6) are all electronic

components, including signal processing circuits and amplifiers, and analogﬁe
computer, oscilloscope, power supplies, temperature controls, reference generators,
and test éircuits. The data processing problem which faced the first users of
the Fraunhofer line-depth method has been eliminated by the computer, which
calculates intrinsic luminosity of the target in a form suitable for direct
strip-chart recording. Multiplication and division are performed by analogue
log and exponential units in a temperature control!led environment to minimize
temperature offset errors. Temporal changes in these components and small
functional errors due to deviations in the exponential behavior of the active
circuit components are compensated by an adjustable‘céqrectionlnetwork built
into the computer. The present wiring facilities separate recording of rho (f’)
and B/A. The four measureq components (A, B, C, and D) could also be recorded
at phone jacks provided on the front panel (Figure 6). These signals could be
converted to digital form for input into another computer if it were desired

to incorporate other factors into the computation. However present wiring is
intended for use of the computer within the instrument, and is such that a value
of rho calculated from A, B, C, and D as recorded at their respective phone
jacks would differ slightly from the rho calculated by the internal computer;

Conversion to digital instrumentally measured rho values in order to obtain



output for use of an extérnal computer would require a slight modification

of the wiring to give preference to the accuracy of the A, B, C, and D records
at the expense of a slight inaccuracy in the record of rho. The latter record
would always be needed in regd time during operational use of the instrument

in order to permit changes in flight path of the aircraft in accord with measured

‘luminescence, but for this purpose the record would not need to be precise.

Departure of signals from pure theory. -- Important factors to be considered in

interpreting the rho values computed by the FLD have been pointed out by

Ludwig and Markle (written commun., April 18, 1968):

"We have assumed that the gain in the phototube measuring A and D
signals is the same as the gain in the phototube mz=asuring B and C signals,
Indeed we have tried to set the gains equal but phototube gain is a function
of temperature so they could well be different. If we rederive @£ assuming
the gain of A and D channels is a factor K higher than B and C channels then -
the correct formula for ¢ 1is given by:

p= rU=CK=n> L B< ?_,’%-)] (8)

x (1=n)
where
(1-x) _ ,
x is the beam splitter ratio for solar to ground looking channels
n is the energy ratio in the Fraunhofer line to outside the line
r is the efficiency of the solar target and the calibration

source beam splitter. "

The purely theoretical equation for rho derived previously is:

e- AR o

Equation (7) differs from equation (8) by a factor:

rG-x (K=-rD
< (1-n)

This represents a scaling factor and correction factor necessary to adjust
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values that are a true measure of intrinsic luminosity of the target., The

factor has been analyzed in considerable detaill by Ludwig and Markle, who
recommend among other things that '"the scaling factor will have to be periodical-
ly measured experimentally if q;antitative results are desired." A simplified
view is that the FLD, common to most electronic instruments, including
fluoromepers, necessarily incorporates instrumental variables which require
frequent calibration by means of standards. This feature should be automated

in future models of the instrument, but can be accomplished manually in the
present instrument with little difficulty, as explained in a following section.

A number of correction factors can be simultaneously compensated by allowing

the instrument to periodically view one or more small lucite cylinders of

fluorescent dye of known concentration and known temperature,

Alternative designs of a Fraunhofer Line Discriminator

An alternative to using the two fixed narrow-band filters was suggested
by Betz (1968). This would consist of spectrally scanning across the Fraunhofer
line, presumably by means of a high resolution radiometer. Another alternative
to the Fabry-Perot filters would be a Lyot filter, but Markle and others have
pointed out that the glass-spacer Fabry-Perot filters are smaller, lighter,

more stable, and less expensive than either of these alternatives.



2.

Design for detecting luminescence without measuring its intensity.--The Fraunhofer

line-depth method can be used somewhat differently than it is in the design of
the present FLD. An alternativé‘instrument might simply detect luminescence

and determine its spectral distribution in one or more spectral channels. By
contrast; the present instrument is designed to measure the intrinsic luminosity

(i.e., luminescence coefficients) of targets, requiring in effect that their

absolute levels of luminescence be sensed, or at least be determinate. The
diffefence between the two alternative approache:s is very significant, and
descriptions of the present instrument have used terminélogy better applicable
to the alternative method. The method most applicable to remote sensing from
orbital altitudes may be the alternative one, requiring a simpler and less
sophisticated type of instrument, but producing essentially qualitative data.
The two alternative methods are summgrized on Table 2. It should be emphasized
that the feasibility of the alternative method (first column) remains to be
demonstrated,

A tabulation of the two alternative methods calls attention to a fundamental
assumption on which the present instrument is based, This is that the intensity
of incident sunlight at the-instrument must be the same as at the target in
order for the method to be wholly valid. The theory seems to become increasingly
invalid as the two are increasingly separated, but this needs to be verified by

testing at higher altitudes. In low-flying aircraft the two
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intensities are likely to be sufficiently close that luminosity of ;he
target can be measured fairly accurately on clear days. However if there
are scattered cloud shadows they are likely to produce abrupt discrepancies
whenever the illumination varies at either the instrument or the target.
For these reasons the method may be inapplicable to use in high-altitﬁde
aircraft or to sensing from orbital altitudes.

The alternative method described on Table 2 may be useful for high-
altitude sensing by the Fraunhofer line-depth technique. This method would
essentially involve the detection of luminescence in a target by comparison
with another target on the same flight path. Luminescence would be
detected by comparison of the Fraunhofer line-depth ratio of light received
from a target suspected to luminesce (g) with the same ratio in light
reflected and back-scattered from a non-luminescent target (%:)f Luminescence
would be indicated where the former ratio exceeds the latter, b;t level
of luminescence would not be equal to the magnitude of the difference
because the relative intensities of incident light would seldom be known
from a high-altitude platform. If the system were used in multiple
spectral éhannels (l.e., with multiple filters) the spectral distribu£ion
of luminescence could be sensed. This methéd would ideally be used in an
imaging system, but further thought is needed on the mechanics of sensing

and processing of the data.
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CONCLUSIONS

1) Luminescence emission of a substance can be differentiated from
reflected or scattered light by utilizing a remote sensor equipped with two
narrow-band filters, one of which is centered on a solar Fraunhofer line and
the other a few %_ngstrorns away.

2) Such an instrument has been termed a Fraunhofer Line Discriminator
(FLD) and the technique the Fraunhofer line-depth method.of sensing. It is
the only known technique that permits quantitative remote sensing of solar-
stimulated luminescence when viewed against a backgréund of reflected sunlight.

3) An éxperimantal FLD has beeﬁ built and initial tests have established
that the technique is feasible over short distances, at least. Key optical elements
'include two sensitive photomultipliers,

4) The high spectral resolution required in t};e experimental FLD was
achieved with glass-spaced Fabry-Perot filters. A ha‘lf—width of less thanA
1 Xngstrom was achieved in these filters, nearly 10 times narrower than
the narrowest multilayer dielectric filter.

5) Although difficult to manufacture, the filters are less expensive,

. smaller, and lighter than alternative procedures, and are immune to spectral
chénges induced by various causes.

6) Filters of this resolution should be capable of measuring_intensities
of 50% or less in approximately 75 Fraunhofer lines between 3300 .X and 17, 000 X

7) A data-processing problem that faced previous users of the Fraunhofer
line-depth method has been eliminated by a computer that calculates

intrinsic luminosity of the target in a form suitable for direct strip-chart
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recording.

8) A limitation of the FLD, common to most conventional fluoroﬁeters,
is that the output is partly dependent on electronic factors, requiring
frequent calibration with standards of known luminosity in order to main-
tain quantitative resufts;

9) A possible limitation of the theory of the present FLD is thaé the
intensity of incident sunlight at the instrument must be the same as at the
taréet in order for the method to be wholly valid., The method may become
increasingly invalid as the two are increasingly separated. However this
possible limitation should apply only to us: of the instrument for quantita-
tive measurements of the luminescent substance.

10) Qualitative sensing, involving the detectioﬁ and distribution of
luminescent substances, appears theoretically feasible from high altitudes
using the present FLD with mincr modifications.

11) A simpler instrument appears feasiblé for the above purpose, and
therefore the design should be more readily adaptable to sensing in multiple
spectral regions. Such an instrument would have possible applications in
monitoring oil spills and in remote sensing over land areas. 1t may be
adaptable to imaging systems or active laser sensors for day or night use

in the future.
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.12) Applications of the presenf instrument include remote sensing of
fluorescent dyes used in studies of current dynamics in rivers, estuaries,
and coastal waters. Future applications of either type of instrument may
include industrial uses on the ground such as monitoring of fluids, and
remote monitoring of oil éiicks, hydrocarbons, and luminescing aerosols.

A wide veriety of other applications is also envisioned,

13) Design of an automated mechanism for monitoring standards by the
FLD is needed and is recommended for inclusion in future models.

14) Experimentation with improved light collectors is recommended,
.including collectors designed to be independent of aircraft angle and sun
angle.

15) Further laboratory work is needed to relate fluorescence of rhoda-
mine dye to function of the FLD, particularly what specific wavelengths of
absorbed light are effective in exciting luminescence at 5890 2, and how
this varies with depth as certain wavelengths are attenuated more than
others.

16) It is recommended that the present FLD be tested for modified
qualitative sensing of luminescence from high altitudes as a guide to

design of this type of sensor,
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